Accumulation of immune cells in adipose tissue promotes insulin resistance in obesity. Although innate and adaptive immune cells contribute to adipose inflammation, the processes that sustain these interactions are incompletely understood. Here we show that obesity promotes the accumulation of CD11c + adipose tissue immune cells that express C-C chemokine receptor 7 (CCR7) in mice and humans, and that CCR7 contributes to chronic inflammation and insulin resistance. We identified that CCR7 + macrophages and dendritic cells accumulate in adipose tissue in close proximity to lymph nodes (LNs) (i.e., perinodal) and visceral adipose. Consistent with the role of CCR7 in regulating the migration of immune cells to LNs, obesity promoted the accumulation of CD11c + cells in LNs, which was prevented by global or hematopoietic deficiency of Ccr7. Obese Ccr7 2/2 mice had reduced accumulation of CD8 + T cells, B cells, and macrophages in adipose tissue, which was associated with reduced inflammatory signaling. This reduction in maladaptive inflammation translated to increased insulin signaling and improved glucose tolerance in obesity. Therapeutic administration of an anti-CCR7 antibody phenocopied the effects of genetic Ccr7 deficiency in mice with established obesity. These results suggest that CCR7 plays a causal role in maintaining innate and adaptive immunity in obesity.
Obesity is a strong risk factor for the development of type 2 diabetes as well as cardiovascular disease, nonalcoholic fatty liver disease, and cancer (1) . While an increase in adiposity induces pleiotropic changes in metabolism, studies of rodent models of obesity have shown that the development of insulin resistance is in part caused by chronic inflammation (1, 2) . In obese humans, increased white blood cell count and serum concentrations of inflammatory mediators (e.g., C-reactive protein) are associated with insulin resistance as well (1) . During obesity, hypertrophic changes in adipocytes are accompanied by accumulation in tissue of both adaptive and innate immune cells, including macrophages, dendritic cells (DCs), neutrophils, B cells, CD4
+ T helper cells, and CD8 + cytotoxic T cells, and it has been found that the accumulation of these cells in the adipose tissue contributes significantly to obesityinduced metabolic derangements (1, (3) (4) (5) (6) (7) . The infiltration of adipose tissue by immune cells in obesity is reminiscent of an acute pathogen challenge; unlike the response of a host to infection, however, inflammation in obesity does not resolve appropriately, and it establishes a perpetual host response that is maintained by both innate and adaptive immune cells (8, 9) .
The accumulation of adipose tissue macrophages (ATMs) in obesity impairs metabolism, in part because of the production of inflammatory cytokines (e.g., tumor necrosis factor [TNF]-a) that directly perturb insulin signaling (1, 10, 11) . Like DCs, ATMs also function as antigenpresenting cells (APCs); they express the major histocompatibility complex II (MHCII) and costimulatory molecules (CD40 and CD80), and they are sufficient to induce T-cell proliferation (12) (13) (14) . Obesity also promotes humoral immunity associated with an increase in B-celldependent autoantibody production, suggesting that inflammation in obesity is triggered in part by endogenous antigens (4, 15) . Despite extensive evidence supporting a role for innate and adaptive immunity in metabolic complications of obesity, the processes that sustain these interactions are incompletely understood.
Recent evidence indicates that in both obese rodents and humans, the abundance of C-C chemokine receptor 7 (CCR7) is increased in ATMs, particularly those that are enriched in lipids and have assumed a proinflammatory M1 phenotype (16) (17) (18) (19) . CCR7 plays a critical role in host defense by facilitating innate and adaptive immune cell interactions. It is expressed on mature DCs and is required for their migration to lymph nodes (LNs) to present antigen to T cells (20) . Activation of CCR7 by its ligands, CCL19 and CCL21, also facilitates antigen uptake by DCs and T-cell proliferation and survival (20, 21) . Although such activation of CCR7 is protective in the context of pathogen exposure, its activation in several types of cancer and atherosclerosis might be a maladaptive response (22) (23) (24) (25) (26) . Here we provide evidence that CCR7 maintains adipose tissue and LN inflammation, revealing a previously undescribed link between innate and adaptive immunity in obesity.
RESEARCH DESIGN AND METHODS

Animals and Diets
, and C57BL/6-Tg(ACTB-EGFP)131Osb/LeySopJ (GFP + ) mice were purchased from the Jackson Laboratory (Bar Harbor, ME) at 4-10 weeks of age. For diet-induced obesity studies, 8-to 10-week-old mice were fed either a low-fat diet (LFD) (10% kilocalories from fat; D12450B formula; Research Diets, Inc.) or a high-fat diet (HFD) (60% kilocalories from fat; D12492 formula), which was maintained for up to an additional 16 weeks unless otherwise indicated. Animals were housed in a 12-h light/12-h dark cycle and given water and food ad libitum. Body weight was measured weekly, and all other parameters were evaluated after euthanasia. All animal procedures were approved by the University of Louisville Institutional Animal Care and Use Committee or by the Harvard Medical Area Standing Committee on Animals (protocol no. 05125).
Human Samples
Patients undergoing bariatric surgeries (gastric imbrication and/or Lap-Band) were recruited under an institutional review board-approved (no. 11.0360) study at the University of Louisville Department of Surgery. Inclusion criteria consisted of subjects being 22 to 65 years old. Subjects who were pregnant; currently taking estrogen, testosterone, anti-TNF agents, or Procrit; were not able or not willing to give consent; or had a history of cancer were excluded from the study. Subjects with HbA 1c values #6.4% and no history of diabetes were considered as not having diabetes. Subjects with HbA 1c $6.5% or who were currently being treated for diabetes were considered to have diabetes. On the day of surgery, visceral and subcutaneous adipose tissues were harvested at the site of surgical incision and immediately placed in Tyrode's solution.
Samples were immediately placed on ice and processed for flow cytometry, as described below. The baseline characteristics of the cohort are shown in Supplementary /BoyJ) were conditioned with 950 cGy totalbody irradiation from a cesium source (g-cell 40; Nordion, Ontario, Canada). Bone marrow (BM) was isolated from the tibiae and femurs of syngenic CD45.2 C57BL/6J and CD45.2 Ccr7 2/2 donor male mice (10-12 weeks of age) by flushing the tibiae and femurs with PBS. The BM was resuspended in PBS by gentle aspiration through an 18-gauge needle. The cells were filtered through sterile nylon mesh with 100-mM pores, centrifuged at 1,000 rpm for 10 min at 4°C, and resuspended in PBS. After irradiation (24 h), animals (8 mice/group) underwent transplantation with 0.1 mL PBS containing 1 3 10 7 BM cells through the retro-orbital plexus using a 27-gauge needle. Five weeks after BM transplant, recipients were characterized for hematopoietic recovery and chimerism by determining the relative percentages of CD45.2 cells in peripheral blood. For this, peripheral blood was obtained through retroorbital bleeding using a HemaVet 950 (Drew Scientific Inc., Oxford, CT) and was used to count white blood cells; nucleated cells were analyzed by flow cytometry (LSRII) to determine the percentage of CD45.2 cells. Mice with peripheral blood containing $85% CD45.2 + cells were used for further experiments. Only mice meeting these criteria were placed on an HFD for an additional 10 weeks. For enhanced green fluorescent protein (GFP) BM transplant studies, 4-to 5-week-old male C57BL/6J mice were irradiated and repopulated with GFP + BM, as described above. Chimerism was assessed 5 weeks later by flow cytometry. All animals with $85% GFP + expression in peripheral blood leukocytes were fed either an LFD or an HFD for an additional 12 weeks. At the conclusion of the feeding protocols, inguinal LNs were collected and analyzed by flow cytometry.
Flow Cytometry Analysis
Stromal vascular cell fractions (SVF) were isolated from adipose tissue, as described before (27) . Briefly, following euthanasia, perinodal subcutaneous (12-mm punch biopsy surrounding the inguinal LNs) or visceral (epididymal) adipose tissues were isolated from mice fed an LFD or an HFD and the tissue was minced and then digested with collagenase type I (1 mg/mL) in PBS supplemented with 1% FBS for 30 min at 37°C. The digested material was then filtered through a 70-mm mesh cell strainer to achieve a cell suspension, which was followed by centrifugation at 1,000g for 10 min at 4°C. The SVF pellet was then incubated with Fc Block for 10 min before staining with fluorescently conjugated primary antibodies. Antimouse antibodies used included Alexa647-CD301 (AbD Serotec, Oxford, U.K.); APC-CCR7 (4B12); PE-Cy7-CD11c; PE-F4/80; APC-e780-CD3; e660-CD4; e605-B220; Alexa 700-MHCII; and PerCP-e710-CD8 (eBioscience, San Diego, CA). In selected experiments, surface expression of CD64 (phycoerythrin [PE] ) was used to identify macrophages, whereas CD8 activation was assessed by the expression of CD62L (PE-Cy7) and CD44 (APC) (eBioscience). A BD LSRII flow cytometer (BD Biosciences) equipped with FACSDiva software (version 6.0) was used for flow cytometry. Analysis was performed using FlowJo software (version 7.6).
Inguinal LN cells were isolated using a 70-mm mesh cell strainer and a sterile rubber plunger from a 5-mL syringe. Strainers were washed carefully with PBS containing 1% FBS. Cell suspensions were centrifuged at 1,000g for 10 min at 4°C, and the supernatant was discarded. Cell pellets were used for flow cytometry analysis using fluorescently conjugated primary antibodies. Antimouse antibodies used included APC-CCR7 (4B12), FITC-CD11b, PE-Cy7-CD11c, e605-B220, PE-F4/80, and Alexa 700-MHCII (eBioscience). In select experiments, CD64 (PE conjugates) was used to identify macrophages (eBioscience).
Peripheral blood leukocyte populations were assessed by flow cytometry. For this, blood was collected via cardiac puncture using EDTA as an anticoagulant. Red blood cell lysis was performed on whole blood (500 mL) using BD Pharm Lyse (BD Biosciences). Samples were centrifuged and resuspended in PBS supplemented with 1% FBS. Samples were then incubated on ice for 10 min with Fc Block before staining with fluorescently conjugated antibodies: APC-e780-CD3, e660-CD4, PerCP-e710-CD8, e450-Ly6C, and APC-CCR7 (4B12) (eBioscience). Samples were analyzed by flow cytometry as described above.
For isolation of human adipose tissue SVFs, samples were weighed, minced, and incubated with collagenase type I (1 mg/mL) in isotonic Tyrode's solution at 37°C for 30 min. Samples were passed through a 70-mm mesh cell strainer and centrifuged at 1,000g for 10 min. Cell pellets were preincubated with antihuman Fc Block for 10 min on ice. Antihuman primary fluorescent antibodies against CD11b (PerCP-e710), CD11c (fluorescein isothiocyanate [FITC] ), and CCR7 (APC; 3D12) (eBioscience) were incubated with the SVF for 30 min on ice. Samples were washed twice with PBS supplemented with 1% FBS and analyzed as described above.
FITC-Ovalbumin LN Tracking
WT or Ccr7
2/2 mice fed an HFD for 12 weeks were anesthetized and the bilateral epididymal fat pads were externalized through a small abdominal incision using aseptic surgical procedures. Fat pads were directly injected with FITC-ovalbumin (OVA) (150 mg/50 mL) using a 29-gauge insulin syringe. Epididymal fat pads were returned to the visceral cavity (28) and the incision was closed using cyanoacrylate adhesive (Vetbond; 3M). After 24 h, animals were euthanized and cell suspensions were prepared from LNs, as described above, before analysis by flow cytometry.
Body Composition and Calorimetry
The body composition of mice was measured using DEXA (PIXImus II; Lunar, Madison, WI) after 16 weeks of LFD or HFD feeding. Additionally, during the 15th week of either LFD or HFD feeding, oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ), and food intake were monitored over a 24-h period using a PhenoMaster system (TSE Systems, Bad Homburg, Germany). Measurements collected during the dark cycle were averaged and used for statistical analysis.
Biochemical Analyses
Whole blood was collected by cardiac puncture using EDTA as the anticoagulant, and plasma was prepared. Total plasma albumin, triglycerides, cholesterol, LDL, HDL, alanine aminotransferase and aspartate aminotransferase concentrations were measured using commercially available assay reagents, as described before (27) . Assays were performed using a Cobas Mira Plus 5600 Autoanalyzer (Roche, Indianapolis, IN). Plasma insulin (Mercodia, Uppsala, Sweden) and MCP-1 (Abcam, Cambridge, MA) concentrations were measured by ELISA, and fluorescence was detected using a multimode Synergy microplate reader (BioTek Instruments, Winooski, VT). Immunoglobulin isotypes were analyzed in plasma using a Rapid Mouse Ig Isotyping Array (RayBiotech, Norcross, GA).
In Vitro Macrophage Experiments
Murine macrophages (RAW 264.7; American Type Culture Collection) were plated onto 6-well culture plates in DMEM supplemented with 10% FBS and 1% penicillin/ streptomycin and were allowed to grow to 90% confluence. Cells were treated with BSA conjugated to palmitic acid (PA; 6:1 PA-to-BSA ratio; 500-mM final concentration) or equimolar BSA alone for 6 h. Macrophages were then either removed for flow cytometry analysis of CCR7 surface expression, or processed for quantitative RT-PCR (as described below) to determine mRNA expression of Ccr7 and Tnfa.
RT-PCR Analysis and Immunoblotting
For quantitative RT-PCR, RNA was isolated from tissues using an RNeasy Lipid Tissue Kit, whereas an RNeasy Mini Kit (Qiagen, Germantown, MD) was used for in vitro experiments, according to the manufacturer's protocol. DNA polymerization was performed using avian myeloblastosis virus reverse transcriptase (Promega, Madison, WI). Real-time amplification was performed using SYBR Green PerfeCTa with ROX Master Mix (Quanta Biosystems) using a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). Commercially available primers were used for targeted analysis of Ccr7, Ccl19, Ccl21, Emr1 (F4/80), Itgax (CD11c), Tnfa, Ccl2, and Hprt (SA Biosciences). Relative expression was calculated by the 2
2DDC
T method and normalized to endogenous Hprt levels. To assess tissue inflammation and insulin signaling, animals were treated with either 100 mL of Humulin-R (1.5 U/kg; Eli Lilly, Indianapolis, IN) or saline by intraperitoneal injection 15 min before euthanasia. Density of insulin receptor subunit b in liver and skeletal muscle was measured by immunoblotting, whereas AKT phosphorylation status was assessed in epididymal adipose tissue and skeletal muscle lysates that were prepared using standard procedures. Samples were prepared for SDS-PAGE, transblotted, and probed for insulin receptor b subunit (EMD Millipore, Billerica, MA), phospho-AKT (Ser473), total AKT, and GAPDH (Cell Signaling Technology, Beverly, MA). For tissue inflammation, phosphorylated IkBa (Ser32) and total IkBa (Cell Signaling Technology) were probed. Immunoblots were developed using Luminata Forte Western HRP Substrate (Millipore) and scanned for luminescence using a Typhoon 9400 variable mode imager (GE Healthcare, Chalfont St. Giles, U.K.) or a Kodak M35A X-OMAT processor (Rochester, NY). Image Quant TL software (GE Healthcare) or ImageJ software was used for densitometry analysis.
Glucose Tolerance Tests
Following 6 h of fasting, glucose tolerance tests were performed by intraperitoneal injection of D-glucose (1 mg/g) in sterile saline. Following a tail snip, glucose concentrations were monitored at indicated times using an Aviva Accu-Chek glucometer.
Immunohistochemistry
Hematoxylin-eosin staining was performed following standard procedures to identify crown-like structures in adipose tissue sections that had been fixed in formalin and embedded in paraffin. Crown-like structures in at least five random fields per animal were quantified by a blinded observer. Additionally, Nikon's NIS-Elements Basic Research software was used to measure the area of ;1,000 adipocytes in five random fields per animal from isolated epididymal fat pads. Adipocyte size measurements are expressed as an overall average per animal and are represented in a frequency distribution graph.
For LN immunohistochemistry, LNs were fixed in formalin, embedded in paraffin, and sectioned. After retrieving antigen in deparaffinized sections, samples were blocked with Rodent Block M Blocking Reagent (Biocare, Concord, CA) for 1 h at room temperature and incubated with primary antibody rat antimouse F4/80 (1:50; AbD Serotec) overnight at 4°C. After washing with Tris-buffered saline, slides were incubated with a secondary goat antirat IgG:horseradish peroxidase (AbD Serotec) for 1 h at room temperature. Samples were subsequently developed using a DAB Substrate Kit (Vector Laboratories, Burlingame, CA). Sections were counterstained with hematoxylin, dehydrated, mounted, coverslipped, and photographed using light microscopy. Adjacent sections that underwent same procedure but without the primary antibody were considered negative controls.
Anti-CCR7 Antibody Treatment
To assess the effects of CCR7 blockade, obese WT mice were treated with a monoclonal anti-CCR7 antibody (4B12; eBioscience) (3 mg/g body weight in 500 mL sterile saline; intraperitoneal) or IgG2a isotype control (EBR2; eBioscience) 3 times per week for 6 weeks, starting 6 weeks after the initiation of the HFD (29, 30) . Mice were maintained on the HFD and weighed weekly. After 12 weeks of HFD feeding, glucose tolerance was measured as described above.
Statistical Analysis
Data are expressed as means 6 SEM. Multiple group comparisons were made using one-way or two-way ANOVA, where appropriate, followed by Bonferroni or Tukey tests. For direct comparisons, an unpaired two-tailed Student t test was used. P , 0.05 was considered significant in all cases.
RESULTS
Obesity Promotes the Accumulation of CCR7 + Innate Immune Cells in Adipose Tissue of Mice and Humans
To examine the role of CCR7 in obesity, we first assessed the infiltration of macrophages into visceral adipose tissue (VAT) in WT mice fed an LFD or an HFD. Flow cytometry analysis of the SVF revealed a prominent F4/80 + CD64
+ (FcgR1) cell population (31) (Fig. 1A) . These macrophages were significantly increased by the HFD at both 10 and 16 weeks of feeding (Fig. 1B) . Nearly 50% of these macrophages expressed CD11c, which is an inflammatory ATM population that contributes to metabolic derangements in obesity (32) (Fig. 1C) . A subset of these F4/80 + CD11c + macrophages expressed CCR7 ( Fig. 1D and E); expression of CCR7 was not observed on peripheral blood monocytes (Ly6c hi ; data not shown), indicating that CCR7 was upregulated in ATMs in adipose tissue. Consistent with the increased surface expression of CCR7 on ATMs, the HFD increased Ccr7 mRNA expression in VAT (Fig. 1F) , whereas obesity did not affect the expression of CCR7 ligands Ccl19 or Ccl21 in adipose tissue at this time point (Supplementary Fig. 1A ). As previously reported (33) , obesity also significantly increased the accumulation of CD11c hi B220 2 DCs (Fig. 1G ). These cells increased significantly by 10 weeks but subsequently decreased after 16 weeks of the HFD. They expressed CCR7, although when considering the total amount of CCR7 + DCs, no clear relationship with obesity emerged, potentially because of steady-state emigration from the tissue. By contrast, adipose CD11c low B220 + plasmacytoid DCs were not affected by obesity (Supplementary Fig. 1B ). We also assessed the expression of CCR7 on T cells in VAT and peripheral blood. As observed with ATMs and DCs, CCR7 was expressed on CD3 + T cells decreased with obesity (Fig. 1H) . CCR7 was expressed on T cells circulating in the peripheral blood ( Supplementary Fig. 1C ), although the relative proportion of these CCR7 + cells was not significantly affected by obesity.
We next examined whether CCR7 + ATMs accumulate in other adipose tissue depots during obesity. For this we isolated subcutaneous adipose tissue in close proximity to inguinal LNs (denoted as perinodal adipose tissue [PAT]) because recent studies have shown that immune cells traffic through PAT during acute inflammation (34, 35) . Histological analysis revealed a marked transition from numerous small adipocytes to large white adipocytes in PAT, a change similar to that which occurs in VAT (Fig.  1I) . Flow cytometry analysis showed that F4/80 + CD64
+ macrophages were present in isolated PAT (Fig. 1J) and that the proportion of F4/80 + CD11c + CCR7 + ATMs increased when the mice were fed an HFD (Fig. 1K) . We also observed a significant increase in CD11c hi B220
2 CCR7 + DCs in PAT with HFD feeding (Fig. 1K, top right panel) . Similar accumulation of CCR7 + ATMs and DCs in PAT was observed in leptin receptor-deficient mice (db/db), a genetic model of obesity and type 2 diabetes (Fig. 1K, bottom  panels) .
To 
CD11c
+ cells that expressed CCR7 (Fig. 1L) . Representative flow cytometry histograms of CCR7 expression on these cells from one patient are shown in Fig. 1M ; histograms for each individual bariatric surgery patient are shown in Supplementary Fig. 2 . Collectively, these results indicate that CCR7 + innate immune cells are associated with adipose tissue inflammation in obese mice and humans.
Saturated Fatty Acids Increase CCR7 Expression in Macrophages
It is well documented that saturated fatty acids, which are a primary component of an HFD, activate stress and inflammatory signaling pathways in macrophages (1, 36) . Moreover, Ccr7 is expressed in lipid-laden ATMs (17); hence fatty acids might be involved in upregulating CCR7. To test the role of saturated fatty acids as a potential stimulus for CCR7 expression, we stimulated murine macrophages with PA and measured the expression of Ccr7. We found that PA increased the production of the inflammatory cytokine Tnfa, as well as Ccr7 (Fig. 1N) . In addition to mRNA, PA also significantly enhanced CCR7 surface expression on macrophages. These data suggest that during obesity, elevated saturated fatty acids might increase Ccr7 expression in macrophages.
Obesity Promotes Macrophage and DC Accumulation in LNs in a CCR7-Dependent Manner
Given both the well-defined role of CCR7 in promoting APC migration to LNs (20) and that we identified CCR7 + ATMs and DCs in PAT surrounding LNs, we next asked whether obesity promotes their accumulation in LNs. Histological analysis of LNs isolated from WT mice showed an obesity-induced accumulation of F4/80 + macrophages in the paracortical region, which was prevented by Ccr7 deficiency ( Fig. 2A and B) . Using flow cytometry analysis of cell suspensions isolated from LNs, we found that F4/80 + LN macrophages expressed CD64 (Fig. 2C) . HFD feeding increased CCR7 + F4/80 + macrophages and CD11c hi B220 2 DCs in LNs (Fig. 2D) . Accordingly, the HFD significantly increased Ccr7 mRNA expression in LNs (Fig. 2D) . We also observed that the HFD increased the expression of the proinflammatory cytokine Tnfa in LNs (Fig. 2D) , similar to what occurs in adipose tissue during obesity. Consistent with the role of CCR7 in promoting the migration of immune cells to LNs, the accumulation of both macrophages (CD11c + MHCII + F4/80 + ) and DCs (CD11c hi B220
2 ) was significantly blunted in obese Ccr7-deficient mice (Fig. 2E) . By contrast, we observed the opposite trend in the local PAT, where both cell populations increased in obese Ccr7-deficient mice (Fig.  2F) . Unlike the CD11c hi B220 2 DCs, plasmacytoid DCs decreased in both PAT and LNs during obesity (Supplementary Fig. 1D and E). These collective results suggest that CCR7 promotes the migration of macrophages and DCs to LNs during obesity and that loss of Ccr7 increases their accumulation in local PAT, perhaps as a result of impaired migration out of the PAT.
It is well documented that CCR7 promotes the migration of DCs to LNs (20) . To determine whether macrophages are recruited to LNs during obesity, we carried out BM transplantation (BMT) experiments in which BM from mice expressing GFP was transplanted into WT recipient mice. Recipient mice were then placed on an LFD or HFD for 12 weeks (Fig. 3A) . Reconstitution of WT recipient mice with hematopoietic cells from GFP + mice revealed the abundant accumulation of GFP + F4/80 + macrophages in LNs (Fig. 3B) . A subpopulation of these cells expressed CD11c and MHCII, and the HFD significantly increased the numbers of these cells in the LNs (Fig. 3B) . Also, the HFD significantly increased the accumulation of GFP + CCR7 + CD11c + F4/80 + MHCII + macrophages in LNs. These results suggest that obesity increases CCR7 + macrophage recruitment to LNs. Global deficiency of Ccr7 has been documented to perturb LN architecture and the quantity of immune cells in tissue (20, 21) . To rule out such phenotypic alterations in the reduction of CCR7 + macrophages observed in the LNs of obese Ccr7-deficient mice (see Fig. 2 ), either WT (CD45.2) or Ccr7-deficient (CD45.2) BM was transplanted into WT (CD45.1) recipients, and the mice were fed an HFD for 10 weeks (Fig. 3C) . Chimerism was determined by assessing the percentage of CD45.2 leukocytes in the peripheral blood, which was consistently .85% (Fig. 3D) . In WT mice transplanted with Ccr7-deficient BM, a significant decrease in the accumulation of F4/80 + CD11c + MHCII + cells in LNs was observed compared with mice transplanted with WT BM (Fig. 3E) .
To directly test whether ATMs can traffic to LNs in a CCR7-dependent manner, we assessed the trafficking of ATMs exposed to a model antigen, OVA. For this, WT or Ccr7-deficient mice were fed an HFD for 12 weeks, and their epididymal fat pads were surgically extruded through the abdomen and directly injected with FITC-OVA (see RESEARCH DESIGN AND METHODS). The fat pads were placed back into the cavity and after 24 h, and OVA + macrophages in LNs were quantified. We found that in WT mice fed an HFD, LN macrophages (CD45 + F4/80 + ) were positive for FITC-OVA, whereas LNs from Ccr7-deficient mice were largely devoid of these cells (Fig. 3F) , indicating that ATMs were recruited to the LNs in a CCR7-dependent manner.
CCR7 Promotes Adipose Tissue Inflammation in Obesity
Our results demonstrate that CCR7 is upregulated in adipose tissue and that CCR7 promotes the migration of macrophages and DCs to LNs during obesity. Because previous studies demonstrated that both ATMs and DCs can activate adaptive immune cells (13, 33) , we hypothesized that by blocking CCR7-dependent recruitment of these cells to LNs, the subsequent recirculation of activated T cells and B cells to adipose tissue should be blunted. Indeed, obesity increased the quantity of CD3 + CD8
+ cells in the adipose tissue of WT mice, and this diet-dependent increase was absent in Ccr7-deficient mice (Fig. 4A) . We note that the relative proportion of activated (CD62L low CD44 + ) CD8 + T cells was not different between WT and Ccr7-deficient mice (Supplementary Fig. 3 ). In contrast to CD8 + T cells, diet-induced obesity decreased the numbers of CD3 + CD4
+ T cells in the adipose tissue of WT mice at this time point; this decrease was not affected by Ccr7 deficiency (Fig. 4B) .
Recent reports have also demonstrated a pathogenic role for B cells in the development of adipose inflammation in obesity (4, 7) . Obesity increased B220 + B cells in adipose tissue, and this effect was completely reversed by Ccr7 deficiency (Fig. 4C) . In addition to the role of B cells in regulating cytokine production by T cells, B cells also contribute to humoral immunity in obesity by increasing the production of autoantibodies (4,7). Indeed, obesity significantly increased plasma concentrations of IgG 1 in WT mice, whereas this increase was completely prevented by Ccr7 deficiency (Fig. 4D) .
Because cytotoxic CD8 + T cells precede the infiltration of ATMs during obesity and contribute to monocyte recruitment by producing CCL2 (6), we next evaluated whether ATM accumulation was affected by Ccr7 deficiency. We observed that obesity profoundly increased (by .60-fold) Ccl2 expression locally in adipose tissue, whereas this obesity-induced increase was largely blunted in Ccr7-deficient mice (Fig. 4E) . Plasma concentrations of MCP-1 (encoded by Ccl2) were not affected by obesity or Ccr7 deficiency, indicating that loss of Ccr7 affected local adipose tissue inflammation ( Supplementary Fig. 4 ). Accordingly, there was a significant decrease in the formation of crown-like structures, which are indicative of adipose tissue inflammation (32), in obese Ccr7-deficient mice ( Fig. 4F and G) . This was further substantiated by decreased expression of Emr1 (which encodes F4/80) in HFD-fed Ccr7-deficient mice compared with WT mice (Fig.  4H) . Using flow cytometry analysis, we observed a significant reduction in CD11c + F4/80 + (M1) ATMs in HFD-fed Ccr7-deficient mice, whereas the opposite trend was found for CD301 + F4/80 + (M2) ATMs (Fig. 4I-K) . Consistent with the decrease in CD11c + macrophages, expression of Itgax (CD11c) was substantially reduced in obese Ccr7-deficient mice (Fig. 4L) . The reduction in M1 ATMs was associated with the decreased expression of Tnfa, which directly impairs insulin signaling (1,11) (Fig. 4M) . Collectively, these results suggest that CCR7-dependent migration of innate immune cells to LNs leads to the activation of adaptive immune cells that infiltrate adipose tissue, promote monocyte/macrophage recruitment, and exacerbate inflammatory cytokine production in obesity.
Genetic Deficiency of Ccr7 Improves Systemic Metabolism in Obesity
Because Ccr7 deficiency reduced the diet-induced accumulation of both innate and adaptive immune cells in adipose tissue, as well as the production of cytokines that promote insulin resistance (e.g., TNF-a) (10,11), we next sought to determine whether loss of Ccr7 affects obesity and systemic metabolism. When fed an HFD, weight gain and fat mass in Ccr7-deficient mice were similar to those in WT mice ( Fig. 5A and B) . The size distribution of adipocytes was also similar between WT and Ccr7-deficient mice ( Fig. 5C and D) . Obese WT and Ccr7-deficient mice had similar blood cholesterol concentrations, food intake, VO 2 , and VCO 2 ( Fig. 5E and F) . No significant differences between obese WT and Ccr7-deficient mice were found for heart and spleen weights, liver enzymes (i.e., alanine aminotransferase, aspartate transaminase), plasma triglycerides, or albumin (Supplementary Table 2 ). However, HFD significantly increased liver weight in WT mice but not Ccr7-deficient mice.
As shown in Fig. 5G , HFD feeding for 16 weeks significantly increased fasting blood glucose concentrations in WT mice, but Ccr7 deficiency prevented this increase. Obesity-induced hyperinsulinemia was also drastically reduced in obese Ccr7-deficient mice compared with obese WT mice (Fig. 5G) . Accordingly, the HOMA of insulin resistance was significantly improved in Ccr7-deficient mice (Fig. 5G) , and obese Ccr7-deficient mice were more tolerant of glucose than WT mice (Fig. 5H) . Insulin-stimulated phosphorylation of the downstream effector AKT was significantly blunted in the adipose tissue and skeletal muscle of WT mice fed an HFD compared with their LFD-fed counterparts ( Fig. 5I and Supplementary Fig.  5A ). This diet-induced loss of insulin signaling was prevented in Ccr7-deficient mice ( Fig. 5I and Supplementary  Fig. 5A ). Genetic deficiency of Ccr7 did not affect total levels of the insulin receptor b in skeletal muscle or liver ( Supplementary Fig. 5B and C) . Consistent with decreased inflammation and improved insulin signaling, obese Ccr7-deficient mice had less phosphorylated IkBa in their adipose tissue (1) (Fig. 5J) . Collectively, these results indicate that CCR7 contributes to metabolic derangements by promoting adipose tissue inflammation in obesity and that loss of Ccr7 is sufficient to reduce adipose tissue insulin resistance and systemic glucose intolerance.
Therapeutic Antagonism of CCR7 Improves Glucose Tolerance in Mice With Established Obesity
We also asked whether blockade of CCR7 activity is sufficient to reverse established inflammation and glucose intolerance in obese mice. For this, first we measured blood glucose concentrations on a weekly basis in WT and Ccr7-deficient mice fed an HFD and determined that they diverge by 6 weeks after beginning the HFD (data not shown). Then, we treated obese WT mice with an anti-CCR7 antibody or isotype control beginning at 6 weeks of HFD feeding, and we continued treatment for an additional 6 weeks (Fig. 6A) . We found that treatment with the anti-CCR7 antibody significantly improved glucose tolerance in obese mice despite continued HFD feeding ( Fig. 6B and  C) . This improvement in glucose tolerance was independent of changes in body weight, as observed with Ccr7-deficient mice (Fig. 6D) . These findings suggest that biologic inhibition of CCR7 could be a feasible approach for attenuating obesity-induced metabolic dysfunction.
DISCUSSION
The results of this study demonstrate that CCR7 perpetuates chronic inflammation in obesity. This role of CCR7 is supported by our observations showing that CCR7 is expressed in innate immune cells (i.e., macrophages and DCs) in adipose tissue of both obese rodents and humans, and that deficiency of Ccr7 decreases the recruitment of macrophages and DCs to LNs and the subsequent recirculation of adaptive immune cells to adipose tissue. Together, these findings suggest that CCR7 is critical for maintaining maladaptive inflammation and consequent metabolic dysfunction in obesity.
Our observation that Ccr7 deficiency reduces adipose tissue inflammation is consistent with the known role of this receptor in orchestrating both innate and adaptive immune responses (20, 21) . Previous studies have shown that by guiding APCs to LNs, CCR7 plays a key role in promoting innate and adaptive immune cell interactions (20) . Once activated in LNs, adaptive immune cells recirculate and respond to antigens in affected tissues. Consistent with this role of CCR7, we found that during obesity, CCR7 is expressed on macrophages and DCs in Figure 5 -Genetic deficiency of Ccr7 improves systemic metabolism in obese mice. A: Time-dependent changes in body weight of WT or Ccr7-deficient mice fed an LFD or an HFD (n = 10-11 per group). B: Total body fat mass, as determined by DEXA scan (n = 3 or 4 per group; see RESEARCH DESIGN AND METHODS). C: Distribution of adipocytes (based on size) in epididymal fat of WT and Ccr7-deficient mice following 16 weeks of feeding (n = 3 or 4 per group, with five random fields per animal). D: Average adipocyte area in epididymal fat of WT and Ccr7-deficient mice fed an LFD or an HFD for 16 weeks (n = 3 or 4 per group, with five random fields per animal). E: Total plasma cholesterol in WT and Ccr7-deficient mice fed an LFD or an HFD for 16 weeks (n = 6 per group). F: Metabolic cage analysis of food intake, VO 2 , and VCO 2 in obese WT and Ccr7-deficient mice (n = 10 per group). G: Fasting plasma blood glucose and insulin concentrations, and the calculated HOMA of insulin resistance (HOMA-IR) in WT and Ccr7-deficient mice fed an LFD or an HFD for 16 weeks (n = 3-10 per group). H: Glucose tolerance tests of obese WT and Ccr7-deficient mice (n = 3-10 per group); total area under the curve (A.U.C.) analysis is shown in the panel on the right. I and J: Western blot analysis of insulin-stimulated phosphorylation of AKT (Ser 473 ) and levels of phosphorylated IkBa in epididymal adipose tissue of WT or Ccr7-deficient mice fed an LFD or an HFD for 16 weeks. Quantification of band intensity (n = 3-6 per group) is shown in the bottom panels. Data are mean 6 SEM. *P < 0.05. NS, not significant. adipose tissue and that this is essential for their accumulation in LNs. In addition to DCs, ATMs express MHCII and costimulatory molecules (CD40 and CD80) and are able to interact with T cells and stimulate their proliferation (12, 13) . The importance of these interactions is highlighted by the observation that in rodent models of obesity, macrophage-specific deletion of MHCII improves systemic metabolism and reduces adipose tissue inflammation (12) . In support of the view that CCR7-dependent recruitment of APCs to LNs contributes to systemic inflammation in obesity, Ccr7 deficiency reduced the accumulation of CD8 + T cells and B cells in adipose tissue and decreased the production of inflammatory mediators that perturb insulin signaling (e.g., TNF-a) (10, 11) . These changes translated into improved systemic metabolism and are consistent with a report published during the preparation of our article describing a similar pathogenic role of CCR7 in insulin resistance (although the involvement of CCR7 in recruitment of macrophages or DCs to LNs was not investigated) (37) .
In addition to adaptive immune cells, we also found that Ccr7 deficiency blunts the accumulation of M1 ATMs in obesity. Given that CCR7 was not expressed on peripheral blood monocytes, it is unlikely that CCR7 mediates the infiltration of these cells into adipose tissue. A more likely explanation is that the reduction of ATMs is the result of decreased diet-induced accumulation of CD8 + T cells in the adipose tissue of Ccr7-deficient mice, since CD8 + T cells have been shown to contribute to the recruitment of monocytes to adipose tissue by producing CCL2 (6) . Indeed, both CD8 + T cells and Ccl2 were significantly lower in the adipose tissue of obese Ccr7-deficient mice. We note that there were no clear diet-induced changes in CCR7 + CD8 + T cells, indicating that the reduction in CD8 + T cells in the adipose tissue of obese Ccr7-deficient mice was likely indirectly modulated by CCR7 (e.g., decreased T-cell activation by APCs in LNs and subsequent recirculation). However, we cannot conclusively rule out that CCR7 also plays a direct role in the recirculation of adaptive immune cells to adipose tissue. Indeed, CCR7 plays a similar role in recruiting T cells to atherosclerotic lesions (38) . Recent studies have documented a pathogenic role for B cells in the development of inflammation in obesity (4,7), similar to the pathogenic role of certain T-lymphocyte subsets in obesity. These B cells activate T cells and produce autoantibodies, and therefore their depletion improves systemic metabolism in obesity (4, 7, 15) . Consistent with this view, our results show that Ccr7 deficiency decreased HFD-induced infiltration of B cells into adipose tissue and the plasma concentrations of IgG 1 antibodies. Because total IgG isolated from obese mice is sufficient to induce metabolic dysfunction in obesity (4), these results provide additional evidence that CCR7 contributes to obesity-induced metabolic derangements.
We found that diet-induced obesity was associated with a dramatic increase in PAT "whitening." Previous studies showed that long-term mild inflammation enlarges PAT, and "leaky" lymphatics associated with Prox1 haplosufficiency increases adipose tissue expansion (39, 40) . Increased lymphatic permeability has been observed in obese diabetic mice, and TNF-a directly stimulates permeability and insulin resistance (11, 41) . Moreover, immune cell activation increases lipolysis in PAT, and these perinodal adipocytes respond to inflammatory cytokines (40) . Indeed, TNF-a stimulates lipolysis (42), and we found that Tnfa production in LNs is increased in obesity. We also observed that saturated fatty acids increase Ccr7 expression in macrophages. Because saturated fatty acids drive macrophage accumulation in adipose tissue and stimulate inflammatory signaling (1, 43) , it is likely that these fatty acids are a prominent stimulus for increased CCR7 expression in obesity. We found that obesity promotes the accumulation of macrophages and DCs in LNs in a CCR7-dependent manner and that deficiency of Ccr7 decreased the accumulation of these cells in LNs, with a reciprocal increase in PAT. We therefore posit that macrophages and DCs in PAT migrate to local LNs in response to elevated amounts of fatty acids and activate adaptive immune cells, which then recirculate and respond to antigens in adipose tissue throughout the body. This is supported by a recent study showing that CCR7 is required for APCs (both DCs and macrophages) to migrate from PAT to local LNs during an acute antigen challenge and that this leads to T-cell recirculation (35) . Moreover, given that infection promotes lymphatic leakiness and the deposition of immune cells in adipose tissue (44) , our results support the emerging view that there is a dynamic relationship between LN immunity and PAT. Given that the majority of fat in the diet is initially absorbed and transported through the lymphatics via chylomicrons, it is intriguing to speculate that the onset of systemic adipose tissue inflammation in obesity may originate in PAT and/or LNs.
In summary, the results of this study uncover a new role for CCR7 in promoting inflammation and metabolic dysfunction in obesity. We identified CCR7
+ innate immune cells in adipose tissue of obese humans and rodents and found that CCR7 promotes the accumulation of macrophages and DCs in LNs during obesity. Genetic deficiency of Ccr7 is sufficient to disrupt obesity-induced inflammation and insulin resistance, and therapeutic administration of an anti-CCR7 antibody mimicked these effects. Given that CCR7 is currently being tested as a target for the treatment of metastatic cancer (24) , these studies could inform the development of novel immunotherapies for treating metabolic disease.
